ABSTRACT: The blood−brain barrier (BBB) maintains brain homeostasis by controlling traffic of molecules from the circulation into the brain. This function is predominantly dependent on proteins expressed at the BBB, especially transporters and tight junction proteins. Alterations to the level and function of BBB proteins can impact the susceptibility of the central nervous system to exposure to xenobiotics in the systemic circulation with potential consequent effects on brain function. In this study, expression profiles of drug transporters and solute carriers in the BBB were assessed in tissues from healthy individuals (n = 12), Alzheimer's patients (n = 5), and dementia with Lewy bodies patients (n = 5), using targeted, accurate mass retention time (AMRT) and global proteomic methods. A total of 53 transporters were quantified, 19 for the first time in the BBB. A further 20 novel transporters were identified but not quantified. The global proteomic method identified another 3333 BBB proteins. Transporter abundances, taken together with the scaling factor, microvessel protein content per unit tissue (BMvPGB also measured here), can be used in quantitative systems pharmacology models predicting drug disposition in the brain and permitting dose adjustment (precision dosing) in special populations of patients, such as those with dementia. Even in this small study, we see differences in transporter profile between healthy and diseased brain tissue.
■ INTRODUCTION
The two main barrier interfaces between the blood and the brain are the blood−cerebral spinal fluid barrier (BCSFB) across the choroid plexus epithelial cells and the blood−brain barrier (BBB) across the cerebral endothelial cells. These barriers play vital roles in controlling transport between systemic blood and brain tissue; this means that they control the concentration of drugs in the central nervous system (CNS), and this, in turn, affects their efficacy and toxicity. 1, 2 The contribution of proteins regulating traffic of molecules across the BBB to the maintenance of brain homeostasis and their effect on the disposition of substrate drugs targeted at CNS conditions are widely appreciated. 3, 4 These transporters at the BBB act as gatekeepers to the CNS and play a critical role in drug and xenobiotic brain disposition. 5 Membrane transporters can be categorized molecularly into two major superfamilies: solute carriers (SLCs) and ABC-type efflux transporters. Based on function, transporters serve two main roles: efflux and uptake (influx) transport. All ATPdependent transporters are efflux transporters from the point of view of the cell. However, SLCs can work as uptake, efflux, and equilibrative transporters. These transporters are a key protective element of the BBB, actively transporting a wide variety of xenobiotics back into the circulation. Uptake transporters, such as several SLCs, can facilitate uptake into the cerebrospinal fluid from the blood. 6 One of the major challenges of modern day medicine is the understanding, diagnosis, and treatment of complex and heterogeneous age-related disorders, such as dementia. Despite the significant commercial opportunities that exist, attempts to discover effective drugs to treat neurological diseases have proved so difficult that many companies have withdrawn from the field. 7 Compared with other disease areas, failure rates in clinical trials are high for neurological disease largely due to the complexity of the human brain. 8 The most common cause of dementia is Alzheimer's disease (AD), which is characterized by a progressive decline in memory and cognitive functions. 9 The classical neuropathological hallmarks of AD are extracellular deposits of amyloid-beta and tau proteins. 10, 11 Recent evidence suggests that the neurodegenerative process that leads to the development of AD is highly associated with a significant dysfunction of the BBB. 12 Unlike the genome, which is relatively static, the proteome is extremely dynamic and constantly changing in response to internal (e.g., aging, disease status) and external (e.g., toxin exposure) stimuli. Possibly, alterations in the expression of proteins have functional consequences and lead to a variety of pathophysiological conditions. Indeed, proteome analysis has been suggested to hold the key to improving understanding, diagnosis, and treatment of AD, as well as monitoring the progression of the disease. 13, 14 It is therefore crucial to understand changes in transporter expression and evaluate interindividual variation in protein levels between healthy and diseased brains.
In vitro disposition data obtained from cellular brain models, such as neurovascular endothelial cells, are commonly scaled using in vitro−in vivo extrapolation (IVIVE) to ultimately predict drug/xenobiotic disposition in vivo. Helms et al. evaluated the advantages and disadvantages of available brain cell-culture models and commented that, to date, there is no ideal BBB in vitro model. 15 IVIVE relies upon robust estimates of physiologically relevant scaling factors, including protein content of the microvascular fraction (brain microvessels protein per gram of brain, BMvPGB) and transporter expression at the BBB. These data are essential for filling the existing gaps in models for human brain disease and prediction of appropriate drug dosing for different disease populations. 16 It is notable that there are limited data in the literature for the protein content scaling factor (BMvPGB), which has only been reported in healthy individuals, 17 and therefore, there is a need to assess both protein content and transporter expression in health and dementia.
The aim of this study was to investigate alterations in the proteomic composition of the blood−brain barrier between healthy and dementia brains, focusing on drug and endogenous transporters, using a proteomic strategy that combines both targeted and global analyses. In addition, the total protein content of the microvascular fraction (BMvPGB) was assessed in healthy and dementia brains. Brain samples were from 22 donors, consisting of healthy individuals and patients with either AD or DLB.
■ MATERIALS AND METHODS
Materials and chemicals were purchased from Sigma-Aldrich (Poole, UK) unless otherwise indicated. The unlabeled nonnaturally occurring peptide (NNOP) calibrator (Glu-fibrinopeptide B (EGVNDNEEGFFSAR, purity 95%) was purchased from Severn Biotech (Worcestershire, UK). Lysyl endopeptidase (Lys-C) was purchased from Wako (Osaka, Japan). Complete Mini, EDTA-free protease inhibitor cocktail, and recombinant proteomic-grade trypsin were supplied by Roche Applied Sciences (Mannheim, Germany). Two TransCATs (artificial proteins, see below) were used; the Liver TransCAT protein was produced in-house as previously described. 18 The Brain TransCAT was designed and expressed in-house. Both genes were synthesized by Entelechon GmbH (Regensburg, Germany), and the QconCAT proteins were used for quantification of brain transporters. Bicinchoninic acid (BCA) protein assay kit was purchased from Pierce (Rockford, IL, USA). PiColorLock phosphate detection system was purchased from Innova Biosciences (Cambridge, UK). Solvents used in this study were of HPLC Chromasolv grade (Thermo Fisher, Waltham, MA).
QconCAT Standards "TransCATs". Two transporter QconCAT "TransCAT" standards were used in this study: Liver TransCAT and Brain TransCAT. The "Liver TransCAT" standard has previously been described. 18 The "Brain Trans-CAT" is a novel QconCAT for the quantification of human brain drug transporter proteins that have a crucial role in disposition of drugs and endogenous compounds across the BBB. The unique tryptic peptides making up the Brain TransCAT were two each from nine transporters (ABCA1, ABCA2, ABCC5, SLC7A5, SLC16A1, SLC22A4, SLC29A2, SLCO2B1, SLCO1C1) and three each from seven transporters (ABCA7, ABCC1, SLC22A2, SLC22A6, SLC22A8, SLC47A2, SLC29A1). Two peptides unique to each neurovascular unit cell marker protein of endothelial cells (GLUT1, PECAM1), pericytes (CSPG4/ NG2), astrocytes (GFAP), and neurons (SYP) were also included to assess quantitatively the enrichment and the level of contamination of the isolated microvessels. In addition, two receptor proteins, vascular endothelial growth factor receptor 2 (KDR) and nuclear receptor subfamily 1 group I member 2 (NR1I2), represented by two peptides each, were included.
The candidate peptide list was generated by combining sequences from SRMAtlas (www.srmatlas.org) with those predicted to ionize efficiently in addition to peptides identified experimentally by global LC−MS/MS analysis of brain microvessel proteins. Peptides containing methionine or cysteine residues and nonunique or membrane embedded sequences were excluded from the final list. Peptides were checked against the Uniprot database for known polymorphisms and post-translational modifications. Finally, a Glu-fibrinopeptide B (GFB) peptide was included to enable quantification of the TransCAT itself. The full list of peptides of the Brain TransCAT is included in Table ES1 .
Brain TransCAT Gene Synthesis and Expression. The DNA construct of the TransCAT was produced by PolyQuant GmbH (Regensburg, Germany) using the expression vector pET21a with codons optimized for both expression and minimized secondary structure formation in mRNA. His-tag was added to the C-terminus to enable purification. The TransCAT sequence was fused to a sequence comprising peptides from E. coli core ribosomal proteins that had previously served as a QconCAT for those proteins 19 and sacrificial sequences were added to the N-terminus to protect the proteotypic peptides from potential N-terminal degradation. TransCAT transformation, expression in 13 C heavy-isotope enriched medium and purification were performed as previously described. 18 The TransCAT (77 kDa) was then added in isotopically labeled form to the brain tissue prior to protease digestion. Proteolysis allows release of standard peptides in 1:1 stoichiometry, leading to the estimation of the concentrations of the target proteins using the QconCAT peptides as standards.
The Brain TransCAT was quantified using unlabeled AQUA peptide "Glu-fibrinopeptide B (GFB)". A known amount of GFB peptide was added to the TransCAT preparation and analyzed simultaneously with sample proteins. LC−MS/MS analysis of the TransCAT-analyte mixture yields the relative intensity of the TransCAT and analyte ions, and since the TransCAT is present at a known concentration, the quantity of analyte can be calculated directly.
Human Brain Samples. Frozen brain frontal cortexes of 22 donors were supplied by the Manchester Brain Bank (University of Manchester) with approval for collection, transfer, storage, and handling (Newcastle and North Tyneside REC) under Manchester Brain Bank generic tissue bank ethics (H09/0906). The samples were supplied from healthy (n = 12), DLB (n = 5), and AD (n = 5). Donor demographic and clinical details are presented in Table S1 . These samples were used for global and targeted proteomic analysis of isolated brain microvessels as described below.
Tissue Preparation. Microvessels were isolated using optimized tissue processing methods, as previously described, 20 with some modifications. Briefly, 3 g of frozen human brain tissue were thawed on ice, and all subsequent steps were performed on ice. Brain cortex was finely minced and homogenized using 20 up-and-down non-rotated strokes in lysis buffer (Buffer A) using volumes of 4−5 mL/g tissue ( O, pH 7.4) in a 50 mL tube. Protease inhibitor was added to the homogenate to prevent proteolytic degradation in subsequent sample preparation steps, according to the manufacturer's instructions (1 tablet per 10 mL). The homogenates were centrifuged at 2000g for 10 min at 4°C. The resulting pellet was suspended in 16% dextran and subsequently centrifuged at 5500g for 15 min at 4°C. The supernatant was transferred to a fresh tube and centrifuged again in a similar way before suspending the two pellets in 10 mL of Buffer B (lysis buffer containing 5 mg/mL bovine serum albumin [BSA]). The suspension was then passed through a 20 μm nylon mesh, using <20 mL Buffer B to rinse the tube and mesh of residual homogenate. The retained fraction was transferred to centrifuge tubes and centrifuged at 2000g for 5 min at 4°C. The suspended pellet was then dissolved in 1 mL of Buffer B and further centrifuged at 1000g for 5 min at 4°C. Finally, the microvessel pellet was resuspended in 1 mL of isotonic buffer (1 M Tris-HCl, 10 mM NaCl, 1.5 mM MgCl 2 , pH 7.4) and sonicated using a S220 Focused-ultrasonicator (COVARIS, UK), then stored at −80°C until further analysis. Protein content in the microvessels and homogenates was determined using Bicinchoninic acid (BCA) protein assay kit according to the manufacturer's instructions.
Measurement of ATPase Enzymatic Activity. To assess the level of enrichment of microvessel proteins, adenosine triphosphatase (ATPase) activity was determined in isolated microvessels and homogenates by a colorimetric method. The assay was performed according to manufacturer's protocol.
Sample Preparation of Brain Microvessels for Global and Targeted Proteomics. The microvessels protein was digested on filter units. The filter-aided sample preparation (FASP) protocol used here is an optimized version of the previously reported method, 19, 21 and the detailed procedure is described in our previous study. 20 Briefly, the protocol involved sodium deoxycholate incubation for solubilization. We chose FASP over in-solution digestion for its simplicity, timeefficiency, efficient removal of contaminants, and applicability to clinically relevant enzymes and transporters. 20 Three technical replicates for each of the 22 human brain microvessel samples were prepared. The first technical replicate was spiked with Liver TransCAT only, the second replicate was spiked with Liver and Brain TransCATs, and the third replicate was spiked with Brain TransCAT only. A mixture of protein extracts (20−50 μg) and TransCATs (250−500 fmol) were solubilized with 10% (w/v) sodium deoxycholate at room temperature for 10 min, and cysteine disulfide bonds were reduced by adding 0.1 M Tris-HCl buffer, pH 8.5, containing 60 mM dithiothreitol and 8 M urea followed by incubation with mixing at 56°C for 30 min. Ultracel 10,000 MWCO (molecular weight cutoff of 10 kDa) centrifugal filter units (Amicon Ultra, Merck) were washed using two steps of centrifugation at 14 000g for 20 min with 200 μL of 8 M urea in 0.1 M Tris-HCl, pH 8.5. Solubilized and reduced protein samples were then added to the filter units, followed by a centrifugation step at 14 000g for 30 min. Protein extracts were buffer-exchanged using 8 M urea in 0.1 M Tris-HCl, pH 8.5, by centrifugation at 14 000g for 20 min. Alkylation of reduced disulfide bonds was carried out by incubation with 200 μL of 50 mM iodacetamide in 8 M urea and 0.1 M Tris-HCl, pH 8.5, in the dark for 30 min followed by centrifugation as above. A 200 μL volume of 8 M urea in 0.1 M Tris-HCl, pH 8.5, was added, and centrifugation was carried out to remove the alkylating agent, followed by three buffer exchanges with 200 μL of 1 M urea in 50 mM ammonium bicarbonate buffer, pH 8.0. A volume of 40 μL of 50 mM ammonium bicarbonate buffer, pH 8.0, was added to the filter to prevent evaporation of the digestion mix. Lys-C (10 μL, 0.1 mg/ mL), at a mass ratio of 1:50 enzyme/protein, was added and samples incubated at 30°C for 3 h, followed by a second dose of Lys-C and incubation for another 3 h. Trypsin (10 μL, 0.2 mg/ mL), at a mass ratio 1:25 enzyme/protein, was added and incubated overnight (16 h) at 37°C. The Lys-C treatment step was repeated to increase digestion efficiency and minimize missed cleavages. The samples were then centrifuged at 14 000g for 20 min, and 100 μL of 0.5 M NaCl solution was added to the filter followed by centrifugation at 14 000g for 20 min to collect the remaining peptides. Samples were then vacuum-dried and desalted on a C18 spin-column, followed by analysis by targeted LC−MRM (multi reaction monitoring) MS/MS on a QTrap 6500 mass spectrometer and global LC−MS/MS on a Q Exactive Orbitrap. An amount of total protein between 1.2 and 1.5 μg was loaded on the QTrap 6500 mass spectrometer for MRM analysis.
Global LC−MS/MS Proteomic Analysis. For LC−MS/ MS analysis using the Q Exactive platform, desalted samples were resuspended in 10 μL of loading buffer (5% acetonitrile in 0.1% formic acid [FA]), and 1 μL (2.5 μg total protein) was loaded onto an UltiMate 3000 (Dionex, Surrey, UK) liquid chromatography (LC) system coupled online to a Q Exactive HF Hybrid Quadrupole-Orbitrap mass spectrometer (Thermo Fisher, Bremen, Germany). Peptides were reversed-phase separated on a CSH C18 analytical column (250 mm × 75 μm i.d., 1.7 μm) (Waters, UK). A multistep gradient was used from 4% Buffer B (100% acetonitrile, 0.1% FA) and 96% Buffer A (0.1% FA in HPLC water) to 60% Buffer B over 165 min at a flow rate of 300 nL min −1 . The LC eluent was injected into the mass spectrometer. All m/z values of eluting ions were measured in an Orbitrap MS, set at a resolution of 120 000. Datadependent scans were employed to automatically select the 12 most abundant ions for fragmentation by higher-energy collisional dissociation (HCD) in the quadrupole mass analyzer. Only peptide ions with charge states of 2+, 3+, and 4+ were selected for fragmentation. Finally, the measurement of the resulting fragment ions was performed in the Orbitrap analyzer, set at a resolution of 30 000.
MRM Assays and Targeted LC−MS/MS Analysis. Peptide samples were analyzed by LC−MRM−MS/MS using an UltiMate 3000 Rapid Separation LC (RSLC, Thermo Fisher Scientific, Waltham, MA) coupled to a 6500 QTRAP (SCIEX, Framingham, MA) mass spectrometer. Peptide mixtures were separated using a gradient from 95% Buffer A (0.1% FA in HPLC water) and 5% Buffer B (0.1% FA in acetonitrile) to 30% B, over 46 min at 300 nL min
, using a M-Class CSH C18 analytical column (250 mm × 75 μm i.d., 1.7 μm) (Waters, Milford, MA).
Signature peptide sequences from both TransCATs were concatenated in silico, along with the sequence of Glufibrinopeptide B (GFB), used as an internal standard for the QconCATs. Skyline version 4.1 (https://skyline.ms/project/ home/software/Skyline/begin.view) 22 was used to generate theoretical transitions for each peptide in the sequence. The peptide settings were as follows: digestion enzyme was trypsin, and no missed cleavages were allowed. Peptide lengths were 6− 20 residues, and carbamidomethylation (C) was included as a fixed modification, oxidation (M) as a variable modification. The transition settings were as follows: precursor charge states of 2+ and 3+ were included, with y product ions included as 1+ only. Products ions (2−5) were selected from each precursor ion. In addition, any product ions resulting from fragmentation N-terminal to proline and C-terminal to glutamic acid or aspartic acid were included. The m/z range was set to a minimum of 350 Th and a maximum of 1250 Th.
Data Analysis and Protein Quantification. For label-free quantification, raw Orbitrap MS files were imported into Progenesis software (Nonlinear Dynamics, version 4.0). Data in Mascot generic format (mgf) were exported directly from Progenesis, and MS/MS spectra were searched using MASCOT against a human proteome database containing 71 599 entries (UniProt, May 2017) and a decoy database of the predicted proteome for Homo sapiens. The search criteria were set as follows: Full tryptic specificity was required (cleavage after lysine or arginine residues); one missed cleavage was allowed; carbamidomethylation (C) was set as a fixed modification; and oxidation (M), deamidation (NQ) were set as variable modifications. The mass tolerance was set to 5 ppm for precursor ions and 0.5 Da for fragment ions. Results from the database search were imported into Progenesis, with mapping of peptide identifications to MS1 features. Quantitative data analysis of global proteomics was carried out as previously described. 23 Briefly, label-free protein quantification was performed using the Hi3/Hi2 method. 24 This approach uses the sum of signal intensities of the three (Hi3) or two (Hi2) best ionizing unique peptides of any given protein relative to the sum of signal intensities of the three (Hi3) or two (Hi2) best ionizing unique peptides of a reference protein (in this case, ATP1A1 or ABCB1) quantified using MRM. Percentage identical peptides (PIP) and percentage identical proteins (PIPr) were estimated as previously described. 20 For MRM analysis, all peak integration and review were performed using Skyline, and results were subsequently exported to Microsoft Excel 2010 for quantitative calculations. Protein quantification data are provided in Tables ES3 and ES6. Using LC-Orbitrap MS data, accurate mass and retention time (AMRT) method was performed as a second targeted proteomic approach to quantify transporters within human brain microvessels. This approach is based on the peptide intensity in the MS spectrum by using the accurate mass measurement and corresponding retention time for a peptide ) were introduced to isolate the microvessel fraction and extract membrane proteins, which were then proteolytically digested and analyzed using three LC−MS/MS proteomic methods: targeted multireaction monitoring (MRM), targeted accurate mass and retention time (AMRT) methodology, and label-free global proteomics using the two/three most abundant peptide peaks per protein. The assessment of transporter and marker proteins using the three methods showed limited differences between quantitative results (B) and excellent overall correlation between data (C), with the label-free (LF) method being relatively less precise and accurate than the targeted MRM and AMRT methods. AMRT was used to measure five transporters (ABCB1, ABCG2, SLC22A3, SLC51A, and SLCO1A2) and one plasma protein marker ATP1A1 in 22 brains.
signal. The ion peak intensity of the heavy and light versions of the same peptide are compared across samples, and the relative abundance of the parent protein is inferred from the intensity ratios. Data are expressed as mean ± SD; ULQ, under limit of quantification; NQ, not quantified; n, the number of brain samples with measurements above the limit of quantification. *represents abundance from two replicates.
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Article DOI: 10.1021/acs.molpharmaceut.8b01189 Mol. Pharmaceutics XXXX, XXX, XXX−XXX Statistical Data Analysis. For the three sample sets, the abundance data were described as mean ± SD, coefficients of variation (CV), and fold difference (maximum/minimum). Normality of distribution was assessed, and outliers were identified using iterative Grubbs' test using a cutoff p-value of 0.01. Statistical difference between mean values of healthy and disease sets was determined by ANOVA analysis followed by posthoc unpaired t-test. The p-value for significance was set at 0.05 and Bonferroni-corrected for multiple tests (0.025). Principal coordinates/components analysis (PCoA/PCA) and hierarchical cluster analysis (HCA) were performed using combined data from each sample, and relationships were computed using Euclidian distance between samples and Spearman correlation (Rs) between genes. For intercorrelations, Rs > 0.60 and R 2 > 0.30 and a Bonferroni-corrected p-value of <0.004 were considered for significant correlations taking into account the effect of the units of measurement. 23 Graphs were generated using GraphPad Prism version 7.04/7.0c for Windows (GraphPad Software, San Diego, California, USA) and R version 3.1.0.
■ RESULTS
Isolation of Human Brain Microvessels. Microvessel isolation was performed according to our previously published method 20 with additional new steps to optimize for human (as opposed to rat) tissue; the use of a 20 μm nylon mesh instead of 100 and 20 μm mesh sizes for crude microvessel extraction was adopted to remove small contaminants. We also introduced a focused-ultrasonicator step to shear the membrane and liberate proteins; this sonicator provides additional energy and temperature control over traditional low frequency laboratory sonicators. We measured protein concentration following sonication using the BCA assay and compared the results to those obtained using a traditional laboratory sonicator. We found the protein concentration was higher and more reproducible when using the focused sonicator compared with the traditional laboratory sonicator. Our optimized steps may overcome some of the difficulties of isolation of microvessels from human tissue. Figure 1A shows the experimental workflow followed in this study.
Characterization of the Quality of Isolated Microvessels by LC−MS/MS. To confirm the enrichment and purity of the isolated microvessels, the absolute protein expression of cell-specific markers of endothelial cells (GLUT1, PECAM1 and VWF), astrocytes (GFAP), neurons (SYP), and pericytes (CSPG4/NG2) were measured using quantitative global and MRM approaches. Based on the quantification values, the expression of endothelial markers ranged from high (GLUT1 between 4.05 and 57.8 pmol/mg protein) to medium/low abundance (VWF, 0.39−9.65 pmol/mg protein; PECAM1, 0.30−1.67 pmol/mg protein). GLUT1 protein was highly expressed in the microvessels, and levels of the pericyte marker (CSPG4/NG2) and neuron marker (SYP) were very low in all the 22 samples. The second highest marker abundance (after GLUT1) was recorded for the GFAP marker, representing contamination by astrocyte endfeet, which form an integral part of the neurovascular unit and are extremely difficult to remove without extensive loss of endothelial cells (Tables ES3, ES6, and  Table 1 ).
Upon assessing the fold enrichment based on ATPase activity (commonly used as a marker for membranes) in microvessels and homogenates, the average enrichment was approximately 7.9-fold (Table ES7) , suggesting efficient extraction of microvascular proteins from brain tissue homogenates.
Untargeted Quantification of BBB Transporters. To our knowledge, this is the first global proteomic study aimed at analyzing human SLCs and ABC transporters in order to obtain a global view of the proteome dynamics, and a comparison between healthy and disease data sets. Following this strategy, approximately 5000 proteins were identified from an average of 23 043 peptide matches per nanoLC−MS/MS run. The initial output from Progenesis included many duplicated entries because several databases were used. A "razor" was applied within Excel until each protein remaining contained at least one peptide unique to the data sheet. A "razor" in proteomic terms assigns shared peptides to the most likely proteins in order to avoid or minimize assumptions in identification. 27 After applying the razor, the average number of proteins was found to be 4697, which was refined by exclusion of proteins with no unique peptide sequences against the proteome, truncated proteins, and cDNA sequences, to 3390 proteins. This was to ensure that only functional proteins with confirmed identification were used in the analysis. The global analysis demonstrated no significant difference in the quality of profiles of healthy and disease tissue. The PIPr (percentage identical proteins) and PIP (percentage identical peptides) between the samples were calculated and were found to range within 51− 78% and 32−60%, respectively. In this global study, the Hi3/ Hi2 peptide ion intensities (calculated as a mean) were used for quantification of endogenous and drug transporters. The criteria used for protein inclusion in the study included selection of only peptides identified as unique with high scores (>15), with proteins identified with only one unique peptide being considered as supporting evidence for transporter expression. Several transporters were found in fewer than 10 samples (Table  ES2) ; these transporters were only considered for identification and quantification if their identified peptides met the applied criteria. In Table ES3 , proteins were quantified based on the plasma membrane marker, ATP1A1, as a reference for normalization of data generated using the Mascot search engine. A second reference protein, ABCB1 (MDR1), was then used to confirm the results. The global analysis was able to generate abundances similar to MRM targeted quantification (Tables  ES3 and ES6 ) in this study except for a few low abundance transporters. Others have observed the same trend. 17, 28 Agreement between methods used in this study is confirmed by Figure 1B ,C.
Novel Drug and Endogenous Transporters Identified and Quantified Using the Global Approach. Out of the 77 proteins (14 ABC, 53 SLC, and 11 cell markers, i.e., receptors and tight junction proteins) (Table ES3 ) identified and quantified using the global approach, 37 proteins (ABCA2,  ABCA8, ABCA9, ABCB1, ABCG2, ABCC3, ABCC4, ABCC9,  SLC1A2, SLC1A3, SLC1A4, SLC1A5, SLC3A2, SLC6A6,  SLC6A12, SLC6A13, SLC7A1, SLC7A5, SLC16A1,  SLC19A1, SLC27A4, SLC47A1, SLC51A, SLC51B,  SLCO1A2, SLCO2B1, SLCO3A1, SLC2A1, PECAM1, VWF,  GFAP, GSPG4, SYP, LRP1, TFR1, INSR, CLDN5) were identified and quantified in earlier studies based on mRNA expression profiling and MRM analysis in human brain microvessels. 17, 28 We have identified an additional 39 human ABC/SLC transporters. Twenty of these (ABCB9, ABCE1, ABCF1, ABCF2, SLC1A6, SLC1A7, SLC2A13, SLC4A10, SLC8A3, SLC9A2, SLC9A6, SLC12A4, SLC12A6, SLC14A1, SLC16A2, SLC27A1, SLC30A1, SLC33A1, SLC38A5,
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Article DOI: 10.1021/acs.molpharmaceut.8b01189 Mol. Pharmaceutics XXXX, XXX, XXX−XXX F SLC41A3) were identified only, and 19 (ABCD3, ABCF3, SLC4A1, SLC4A4, SLC6A1, SLC6A7, SLC6A11, SLC8A1, SLC8A2, SLC9A3R1, SLC9A3R2, SLC12A2, SLC12A7, SLC17A7, SLC30A3, SLC38A3, SLC39A10, SLC44A1, SLC44A2) were also quantified for the first time in this study by label-free analysis in human brain microvessels. Table ES3 lists novel and previously identified and quantified SLC/ABC transporters, cell markers, receptors, and tight junction proteins, with relevant references to other complementary data from targeted studies.
Accurate Mass and Retention Time (AMRT) Methodology. The AMRT-based targeted method 25 for protein quantification was used to measure five transporters (ABCB1, ABCG2, SLC22A3, SLC51A, SLCO1A2) and one plasma protein marker ATP1A1 (Table S2 ) using one peptide each for the transporters and two peptides for ATP1A1. Importantly, we found that the average abundance values of five transporters and . ABC, ATP-binding cassette transporters; AD, Alzheimer's disease; BMvPGB, brain microvessel protein per gram brain; DLB, dementia with Lewy bodies; ER, endoplasmic reticulum; PM, plasma membrane; SLC, solute carriers. In A, percentages add to more than 100% due to expression of proteins in more than one subcellular location. plasma membrane marker levels showed a strong and statistically significant correlation ( Figure S2A ) between AMRT and MRM approaches with R 2 ≥ 0.99. Table ES4 shows AMRT data for individual donors.
Technical reproducibility was evaluated by measuring the abundances of ABCB1, ABCG2, SLC22A3, SLC51A, SLCO1A2, and ATP1A1 in three samples (one dementia and two healthy individuals) using the AMRT approach with QconCAT peptides used as standard. The technical variability represented as a relative error was %RE < 30%, with fold errors of less than 1.33 for the transporters abundances between all three samples analyzed ( Figure S2B , Table ES5 ); this suggests that there is a very low variability between the two technical replicates.
Gene Ontology and Functional Enrichment of Proteins in Human Brain Microvessels. The identified proteins (3390 in total) were annotated for subcellular location and protein class by analyzing gene names against GO, UniProt, HPA, and PANTHER databases (Figure 2A,B) . Based on these results, 19% of proteins were assigned to the plasma membrane; 36% and 22% were identified as belonging to cytoplasm and nucleus, respectively. Proteins from endoplasmic reticulum, Golgi body, and mitochondria represented 11%, 3%, and 10% of identified proteins, respectively. It is worth noting that several proteins can be found in multiple subcellular locations. Figure  2B (Table ES7) . Variation in BMvPGB content was assessed by brain donor gender and age and analyzed by unpaired t-test and Spearman correlation, respectively. BMvPGB contents were not associated with gender (n = 15 male and n = 7 female; p > 0.05), and no correlation was observed between protein content and age (average donor age of 78 years). Dementia (DLB and AD) had no significant effect on BMvPGB levels (unpaired t-test, p > 0.05). Figure 2D shows the BMvPGB content and level of enrichment for each sample.
Membrane Expression Levels of Transporters and Markers in Isolated Human Brain Microvessels. Table 1 summarizes the protein expression levels of the most important membrane transporters for drug and endogenous disposition. The measured proteins included 22 membrane transporter proteins and six cell markers in isolated microvessels fractions. The quantification was performed by means of multiplexed MRM/SRM with the same specific peptides from the Liver TransCAT used in our previous report 18 and with new peptides from the Brain TransCAT as shown in Table ES1 . Three membrane proteins (ABCC1, ABCC5 and SLC22A4) were below the lower limit of quantification (Table 1 ) estimated at 0.04 pmol/mg protein and determined as the protein amount that would produce less than 5000 count of peak area in the chromatogram when sample protein is measured by LC−MS/ MS.
For MRM analysis, technical replication was based on three analyses with Liver TransCAT, Brain TransCAT, or both TransCATs used as standards. These preparations were analyzed only once each. Several quality controls were applied at the data analysis stage to ensure that only reliably quantified transporters are included. For transporters quantified in duplicate, the technical variability measured as a relative error (%RE) was shown to be within 40%, except OATP1B3, which was within 42%. Three transporters (SLC7A5, SLC22A1, and SLCO2B1) were quantified using two peptides, and the results were within 1.2-fold (Table ES6) .
ABCB1, ABCG2, and the ABCC family are considered to be the most important efflux transporters implicated in drug resistance.
29 ABCB1/MDR1 and ABCG2/BCRP were the most abundant ABC transporters ( Figure 3B ). ABCC6/MRP6 was also present, but at a much lower concentration than ABCB1/ MDR1 (5.4-fold) and ABCG2/BCRP (4.6-fold). For SLCs, endothelial cell marker (SLC2A1/GLUT1) showed the most abundant expression indicating the enrichment of endothelial cells (Table 1 , Figure 3A) , while organic anion transporter 2 (SLC22A7/OAT2) and monocarboxylate transporter 1 (SLC16A1/MCT1) showed high variability between donors and were expressed in the range of 2.50−16.20 and 1.05−14.10 pmol/mg protein ( Figure 3B ). The quantities of the other SLC22 members (SLC22A1/OCT1, SLC22A3/OCT3, SLC22A6/OAT1, SLC22A8/OAT3, and SLC22A9/UST3) Figure 3 . Expression of blood−brain barrier (BBB) markers and transporters using MRM targeted proteomics. The abundances of the marker proteins of the neurovascular unit (A) showing markers for endothelial cells (GLUT1, PECAM1), neurons (SYP), astrocytes (GFAP), and pericytes (NG2); ATP1A1 is used as a plasma membrane marker for quality control and also as a reference for global proteomic quantification. After assessment of the purity of the microvascular fraction, the abundance of ABC and SLC transporters was quantified at the blood−brain barrier (B). Three sets of samples were assessed: healthy, AD and DLB, and ratios of average expression in AD and DLB sets relative the healthy set were calculated to assess differences (C). Only ratios >1.5 or <0.67 (horizontal lines) with statistical significance (stars) were considered meaningful. ABC, ATP-binding cassette transporters; AD, Alzheimer's disease; DLB, dementia with Lewy bodies; SLC, solute carriers; *, p < 0.05; **, p < 0.01.
were in the range of 0.23−0.80 pmol/mg protein. SLC22A4/ OCTN1 was expressed at 0.04 pmol/mg protein, and this transporter was at the limit of quantification. The expression of OATPs transporters in brain samples was in the order of OATP1C1 > OATP2B1 > OATP1B3 > OATP1A2. Interindividual variability was assessed based on fold change in transporter abundance. Transporter protein expression showed considerable biological variability with a CV in a range of 19− 100% except for ABCC6/MRP6, SLC22A3/OCT3, SLC22A8/ OAT3, SLCO2B1/OATP2B1, and SLCO1C1/OATP1C1, which were less variable with CV values of 11.5−14.8%. The protein expression levels of specific cell markers such as PECAM1 (endothelial cells), NG2 (pericytes), GFAP (astrocytes), and SYP (neurons) and the plasma membrane marker Na + /K + -ATPase were measured in the ranges 0.30−1.67, 0.08− 0.24, 2.88−65.3, 0.40−6.56, and 3.77−78.7 pmol/mg total protein, respectively. The GFAP and Na + /K +− ATPase cell markers exhibited the greatest interindividual differences in protein expression, with a 22.7-and 20.9-fold differences for GFAP and Na + /K + -ATPase between the donors with the highest and lowest levels, respectively. Detailed MRM quantification data are provided in Table ES6 .
Comparison of Membrane Protein Expression Levels in Isolated Human Brain Microvessels with Previous
Studies. Table 1 shows a comparison of abundance means of 22 transporters and six markers in the present 22 samples with those in a targeted analysis of 12 individual samples as previously reported by Terasaki and co-workers. 17, 28 In the MRM analysis, one additional membrane protein (CDH17) was quantified for the first time in this study. Only five transporters and six markers were successfully quantified by both groups, and the mean abundances were in the same range with typically a factor of 2−4 difference. Working in 2011, Terasaki and co-workers 17, 28 found many of the transporter peptides to be below the limit of quantification. In general, they reported higher levels of cell markers than in the present study, reflecting different sample preparations. At this stage, it is not possible to determine whether the differences in the two studies were due to biological factors, tissue handling and storage, or sample preparation.
Using different proteotypic peptides as well as different sample preparation methods can affect protein quantification, and this can explain some of the differences in reported values (Table ES3 ). ABC and SLC Transporter−Transporter Correlation of Blood−Brain Barrier Protein Expression. Transporter− transporter correlation analysis (intercorrelation analysis) was performed on abundance data generated by targeted proteomics. In particular, the transporter pairs ABCB1/ABCG2, SLC22A9/SLCO1A2, SLC22A9/SLC51A, SLCO1A2/ SLC51A, and SLC2A1/SLC7A5 showed very strong correlation (Rs = 0.81−0.94, p < 0.0001, R 2 = 0.58−0.93). ABCB1 and The associations between the genes (rows) were assessed using correlation analysis, whereas the hierarchical cluster analysis of the samples (columns) was based on Euclidian distance. The heat map is based on log-transformed abundance data.
ABCG2 showed a significant and strong correlation with endothelial cell marker SLC2A1 (Rs = 0.80, p < 0.0001, R 2 = 0.55; Rs = 0.71, p = 0.0003, R 2 = 0.50, respectively). Amino acid transporter SLC7A5 expression was significantly correlated with several markers; such correlations included PECAM1 (Rs = 0.64, p = 0.001, R 2 = 0.31). We also tested a potential association between ATP1A1 expression and transporters. We found expression levels of ATP1A1 to be associated with ABCC6, SLC22A1, SLC22A9, SLCO1A2, and SLC51A expression. The matrix in Figure 4 shows the most significant correlations between SLCs, ABC transporters, and cell markers quantified.
Covariates of Proteome Expression at the Blood− Brain Barrier. Trends of similarity of proteome expression profiles at the BBB between samples were assessed using percentage identical peptides (PIP) and percentage identical proteins (PIPr) data for the 22 samples. Principal coordinates analysis (PCoA) and hierarchical cluster analysis (HCA) were performed both at the protein and peptide levels, and the results were very similar at the two levels ( Figure 5 ) with samples from relatively young healthy donors clustering mainly in the middle with samples from patients with DLB. (Note that the blue ellipse refers to DLB donors onlythe cluster is assessed visually and can be deemed to include patient 3.) Samples from AD patients tended to scatter around the cluster (only patient 12 is within the cluster). Four normal donors are also outside the cluster; three of these were very elderly (87, 89, and 90) at the time of death, but patient 2 was only 54. Note, however, that there is no clustering of these outlier individuals; they are as different from one another as from the main cluster. This suggests that the main covariates of protein expression at the BBB in this data set were the disease state and age, with some healthy donors of very old age behaving like AD patients.
Covariates of Transporter Protein Expression at the Blood−Brain Barrier. Transporter expression profiles at the BBB were assessed using principal components analysis (PCA) and hierarchical cluster analysis (HCA) applied to a heatmap of abundance data ( Figure 6 ). The PCA analysis data were confirmatory of global proteome profiles; older healthy individuals (donors 2, 9, 14, 17, 18, and 22) with average age 82.3 ± 14.1 years, behaving like AD patients, whereas younger healthy donors tended to cluster in the middle (75.2 ± 15.0 years). With the exception of sample 12, none of the AD samples clustered with the healthy ones, which is a similar trend to the global proteomic analysis. HCA confirmed the cluster and outliers in the PCA, and the heatmap showed correlations of expression between drug transporters (ABCB1 and ABCG2) and SLCs of endogenous compounds, including glucose and organic cations/anions (SLC2A1/SLC7A5 and SLCO1A2/ SLC22A9) ( Figure 6C ). PCA analyses using data from different replicates and different peptides (where available) were confirmatory. This reflects that disease, age, and intercorrelation of gene expression represent significant factors that can affect the transporter makeup of the BBB.
Interspecies Differences between Rat and Human BBB Transporter/Receptor Expression Levels. In-house data for human (Table 1 and Table ES3 ) and rat 20 were used to determine comparative levels of transporters and receptors between rat and human brain capillaries. Figure 7A shows similarities and differences in expression levels, where several transporters (NKCC1, AE1, MCT1, BCRP, EAAT2), receptors (LRP1, TfR1), and tight junction and marker proteins (CLDN5, ATP1A1) were within 2-fold. Higher expression levels in rat microvessels were observed for MDR1, EAAT1, LAT1, CAT1, PMP70, and the glucose transporter GLUT1. This is in overall agreement with literature on comparative data between rats and humans 30 as shown in Figure 7B .
■ DISCUSSION
Precision dosing, 31 in which the amount and frequency of drug dosing is tailored to individual patients, can be critical to the outcome of therapy. Precision dosing depends upon understanding the efficacy and toxicity of any drug targeting the individual brain, which is dependent on the concentration at the site of action, and in turn, on the abundance and activity of drug transporters at the BBB. 32 We describe the first systematic study, using a quantitative strategy combining both targeted and global methodology, of the proteomic makeup of the BBB, focusing on drug and endogenous transporters. The 22 brains analyzed (15 males, 7 females) had an average age of 78 years (range: 53−91 years), and were classified into three different subgroups: healthy brains (12 samples), brains from Alzheimer's patients (5 samples), and brains from patients with dementia with Lewy bodies (5 samples).
To isolate the microvessels of the BBB, we used an optimized methodology previously performed and validated in a rat brain model 20 with minor modifications to sample preparation from frozen brain cortical samples. Differences may be expected when different types of tissue samples (i.e., fresh compared to frozen), storage conditions, or sample preparation methods are used. 33 The average enrichment of microvessels was very high (>7.9 fold), and the purity of microvessels was assessed using brain cell-specific markers. Astrocyte endfeet tend to be tightly bound to the neurovascular unit, making it very difficult to remove them entirely. The neuron marker SYP and pericyte marker NG2 were also detected but consistently at very low levels.
The quality of the sample preparation was key to our being able to detect and quantify 19 previously undetected transporters and to detect (but not quantify) a further 20. In total, 22 transporters were quantified using a targeted strategy and 31 using the global, untargeted strategy showing the value of using both methods. Sixteen of the proteins detected by the targeted approach fell below the limit of quantification of the global proteomic experiment, but 31 additional transporters were quantifiable by untargeted methods. For the more abundant transporters, the targeted and global methods returned very consistent values ( Figure 1C ). In the one case where the difference between targeted and global analysis was considerable, SLC7A5 (which is involved in high-grade gliomas), it seems probable that signal overlap gave rise to an overestimate in the label-free experiment, 34 consistent with previous re- ports. 17, 28 Disease-related transporters quantified for the first time include choline transporter-like proteins 1 and 2, SLC44A1 and SLC44A2, reported to be involved in abnormal choline disposition associated with papillary glioneuronal tumors. 35 In drug development, several scaling factors are used for the extrapolation of in vitro data to in vivo parameters to predict drug disposition across the BBB, 16 an approach that is starting to be accepted for supporting evidence in clinical trials by medicines regulatory agencies. 36 One important scaling factor is the protein content of brain microvessels per gram tissue (BMvPGB). 16, 17 The corresponding liver and kidney scaling factors are well-established, 37, 38 but to date, modeling of drug disposition across the human BBB relies on a single study of six histologically healthy brains for this parameter. 16, 17 Our data for healthy brains shows limited overall variability (4-fold) with an average of 0.44 mg protein/g brain. The previously reported values 17 show BMvPGB (0.244 mg protein/g brain) and 7-fold variability. The present study therefore trebles healthy brain data that can contribute to BBB models, allowing better description of population variability. The mean BMvPGB levels of AD and DLB donors (0.40 and 0.48 mg/g brain, respectively) were very similar to the levels of healthy donors. BMvPGB levels showed no correlation with age, sex, or disease state.
Transporter expression data revealed a large degree of interindividual variability across ABC (3-to 11-fold) and SLC (2-to 14-fold) transporters. The analyzed set of samples was from a small number of donors, which should be considered when using the generated data. Extending this study to cover a large number of samples from both health and disease populations should confirm these conclusions.
There were no significant univariate sex-or age-related differences in the abundances of transporters, in line with recent data on liver transporters. 39 The expression of three transporters, however, correlates significantly with disease ( Figure  3C ). The most significant correlation (p < 0.01) is the upregulation of SLC22A6 in Alzheimer's disease. This is a drug transporter responsible for influx of many drugs, including antivirals and anti-inflammatory drugs to the brain. Multivariate analysis revealed general differences between patient subgroups, with a set of donors, including all the DLB patients and most of the younger healthy individuals forming a defined cluster in the principal components analysis. Alzheimer's patients and several of the older healthy donors were outside this cluster. This suggests that age in healthy individuals and Alzheimer's disease in the disease population are the main contributors to differences in expression. This trend was identified in the global proteomic profiling of the blood−brain barrier at both the peptide and protein levels ( Figure 5 ), as well as in the more specific analysis of transporter levels in brain endothelial cells ( Figure 6 ). The expression trends shown for the first time in this study support recent guidelines advocating the definition of Alzheimer's disease by its biochemical fingerprint, compared to predominantly anatomically or clinically defined types of dementia, such as dementia with Lewy bodies. 40 We also examined interspecies differences in expression between human and rat 30, 20 ( Figure 7) . The rat is an important preclinical species, and transport data based on rat need to be scalable to human. While some transporter abundances (e.g., BCRP) are clearly useful for translation (rat to human), others (such as MDR1) show large discrepancies throwing doubt on the suitability of the rat as a preclinical species where this transporter is critical.
The importance of considering relationships between the expression patterns of proteins involved in drug metabolism and disposition has been highlighted in clinical and simulated trials. 37, 41 Intercorrelations between individual transporters in the brain were assessed in this data set for the first time ( Figure  4 ), revealing associations that can be attributed to common genetic regulatory mechanisms, supported by transcriptomic evidence. 42 The present data set uncovered several correlations, not only between drug transporters but also between transporters involved in brain homeostasis (e.g., glucose and amino acid carriers). One important example of expression coregulation is the correlation between ABCB1 and ABCG2, and patients with Alzheimer's disease showed relatively lower expression levels of both transporters, although neither reached statistical significance in the univariate analysis (Figure 3 ).
■ CONCLUSION
This study described the protein composition of the blood− brain barrier and will be used to inform Quantitative System Pharmacology models of health and disease.
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